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Project  Summary 

a.  Principal  Investigator:  Michael  D.  Ward 

b.  Current  Telephone  Number:  (612)  625-3062 

c.  Cognizant  ONR  Scientific  Officer:  Robert  J.  Nowak  (cuiTcnt  temporary  office:  Ron  DeMarco) 

d.  Brief  Description  of  Project 

The  work  performed  under  this  AASERT  grant  augmented  our  eltorts  lunded  by  the  original 
parent  grant  "Electrocrystallization  of  Molecular  Solids"  and  the  recent  renewal  grant 
"Electrocrystallization  of  Nanostructured  Molecular  Materials"  (the  AASERT  grant  overlapped 
the  renewal  the  two  grants).  The  intention  of  the  AASERT  was  to  devise  approaches  to  the 
synthesis  and  modification  of  electrocrystallized  molecular  materials  aimed  at  (1)  controlling  tlie 
supramolecular  structure  of  condensed  pha.ses  through  topological  control  of  molecular 
networks  during  crystal  growth  and  (2)  nano.scale  modification  ot  existing  materials  using 
electrochemical  atomic  force  and  scanning  tunneling  micro.scopies.  This  work  has  augmented 
studies  in  the  parent  proposal  that  are  aimed  toward  elucidating  the  micro.seopic  origins  lor 
molecular  a.s.semhly  on  substrates  for  crystalline  pha.ses  that  can  he  grown  electrochemically. 
We  have  di.scovered  that  three-dimensional  bulk  crystals  which  have  layered  structures  can  be 
u.sed  as  a  starting  point  for  the  design  of  thin  films  with  functional  properties.  While  r)ur 
intention  was  to  advance  this  to  the  stage  where  ultrasmall  "molecular  devices"  could  be  made, 
for  example,  heterostructures  composed  of  different  crystalline  pha.ses  with  .semiconducting 
properties,  we  have  spent  considerable  effort  elucidated  the  intluence  ot  epitaxy  on  the 
formation  of  these  films.  This  has  resulted  in  new  models  for  epitaxy  that  describe  the 
stabilization  of  van  der  Waals  films  on  ordered  substrates,  systems  for  which  the  energetics  are 
quite  subtle  and  commensurism  typically  is  impossible.  Our  group,  including  the  student 
funded  by  the  AASERT  grant,  has  advanced  the  concept  of  coincident  epitaxy  for  these  organic- 
thin  films.  This  has  included  the  development  of  efficient  computer  algorithms  that  enable 
prediction  of  new  thin  film/subslrate  structures  while  also  enabling  rationalization  ol 
experimentally  observed  structures.  This  work  has  combined  electrochemistry,  interlacial 
.science  and  crystal  engineering.  E.s.sentially,  we  have  initiated  a  new  di.scipline  that  is  be.st 
described  and  two-dimensional  crystal  engineering  that  uses  molecular  layer  motifs  in  existing 
three-dimensional  crystal  structures  as  the  starting  point  for  the  design  ol  organic  thin  lilm 
structures.  This  was  a  necessary  first  step  in  a  plan  U)  develop  device  structures  ba.sed  on 
molecular  materials.  The  work  also  has  contributed  substantially  to  our  knowledge  of  nano.scale 
processing  under  ambient  conditions,  a  considerable  advantage  over  more  expensive  routes  to 
thin  films  (such  as  molecular  beam  epitaxy).  A  key  contribution  by  the  student  lunded  by  the 
AASERT  grant  is  the  demonstration  that,  given  two  po.ssible  coincident  configurations  for  a 
molecular  overlayer  on  a  substrate,  the  configuration  ob.scrved  is  that  which  has  the  smallest 
supercell.  Energy  calculations  ct)rifirm  that  this  is  due  to  a  lesser  number  ol  energetically 
unfavorable  non-commensurate  overlayer  sites.  A  full  paper  on  this  topic  has  been  submitted, 
and  a  technical  report  will  follow. 

Recently,  the  student  funded  the  AASERT  grant  also  contributed  to  the  di.scovery  of  spatially 
controlled  electrochemically  induced  etching  of  metal  chalcogenide  surfaces,  which  was 
ob.served  directly  by  AFM.  This  etching  was  achieved  with  a  gold-coated  AFM  tip  which 
.served  as  a  counterelectrode  to  the  bia.sed  metal  chalcogenide  surface.  When  the  AFM  tip  was 
held  clo.se  to  the  surface  etching  occurred  in  a  very  small  region  below  the  tip.  This  will  enable 
us  to  study  the  growth  of  organic  thin  films  in  nano.scale  teatures  on  the  metal  chalcogenide 
.surface,  complementing  similar  studies  on  thermally  etched  graphite  surlaces  (which  have 
nano.scale  etch  pits,  but  without  spatial  control).  This  work  is  being  performed  under  the  parent 
grant  and  a  recently  awarded  AA.SERT  grant. 

e.  Summary  of  Significant  Results  from  the  AASERT  Grant 
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□  Advancement  of  atomic  force  microscopy  (AFM)  methods  lor  in  sirn,  real-time  examination  ol 
electrochemical  nucleation  and  growth  of  molecular  films,  nanostructures  and  hulk  crystals 
solids  in  .solvent  media 

□  Advanced  epitaxial  principles  that  relate  the  symmetry  and  structure  of  a  substrate  to; 

-  the  normal  and  azimuthal  orientation  of  nuclei  and  molecular  t)veiiayers 

-  the  orientation  and  size  of  bulk  crystals  grown  from  these  overlayers  nuclei 

-  the  molecular  order  and  lattice  constants  of  molecular  overlayers 

-  stresses  and  defects  induced  by  epitaxy  with  the  substrate 

□  Developed  a  new  analytical  model  of  heteroepitaxial  interfaces  that  enables  rapid  and 
computationally  efficient  analysis  of  an  overlayer-substrate  interface.  The  type  of  epitaxy,  i.e., 
coincident  vs.  commensurate,  the  azimuthal  relationship,  and  the  degree  ot  epitaxy  can  be 
determined.  We  have  demonstrated  that  this  analytical  model  provides  solutions  identical  to 
those  realized  by  total  potential  energy  calculation.  However,  the  analytical  model  provides 
these  solutions  in  less  than  1%  of  the  time  required  for  total  potential  calculations.  This  also 
enables  searches  for  epitaxial  reconstructed  overlayer  lattices.  The  applicability  ol  this 
approach  has  been  demonstrated  for  electrochemically  grown  overlayers  reported  by  our 
laboratory  as  well  as  organic  overlayers  produced  in  other  laboratories  by  molecular-beam 
epitaxy. 

□  We  have  demon.strated  "electrochemical  annealing"  of  domain  boundary  defects  in  an  epitaxial 
crystalline  monolayer  who.se  structure  mimics  the  (001)  layers  of  the  organic  superconductor 

(3-bi.s(ethylenedithiolo)tetrathiafulvalene  triiodide,  (ET)2l3,  has  been  vi.sualized  in  situ  using 
real-time  atomic  force  micro.scopy  (AFM).  These  delects  can  he  observed  readily  by  lateral 
force  imaging,  and  high  resolution  imaging  reveals  that  the  domains  are  oriented  azimuthally  at 
angles  of  ±/760"  becau.se  of  coincident  epitaxy  with  the  HOPG  substrate.  The  surfaces  ol 
differently  oriented  domains  in  a  single  AFM  image  exhibited  dillerenl  degrees  ol  Iriction  at  a 
fixed  .scan  direction  due  to  the  molecular  anisotropy  of  the  monolayer  surface,  which  cau.ses  the 
tip  to  experience  differently  oriented  molecular  fields  on  the.se  domains.  The  ability  to  detect 
this  friction  anisotropy  is  a  direct  con.sequence  ol  the  crystalline  order  ol  the  rigid  monolayer. 
Potential  cycling  about  the  deposition  potential  resulted  in  a  reduction  in  the  number  and  size  ol 
domains,  with  smaller  domains  eventually  adopting  the  orientation  of  suiTounding  larger  ones. 

ultimately  fonning  large  (>  15  pm^)  defect-free  monolayers.  This  demonstrates  that  the  delect 
density  of  redox-active  molecular  films  can  be  reduced  by  relatively  simple  means. 

□  We  demomstrated  that,  given  two  possible  coincident  conligurations  lor  a  molecular  overlayer 
on  a  substrate,  the  configuration  ob.served  is  that  which  has  the  smallest  supercell.  Energy 
calculations  confirm  that  this  is  due  to  a  lesser  number  ol  energetically  unlavorable  non- 
commensurate  overlayer  sites. 

These  studies  are  providing  elucidation  of  the  crucial  laclors  in  the  gi'owth  ol  conducting  and 
superconducting  organic  thin  films,  nam)structures  and  bulk  crystals.  The  understanding  gained 
will  provide  the  foundation  for  fabricating  heteroepitaxial  thin  lilms  with  molecular  dimensions  that 
may  have  novel  electronic  properties.  Furthermore,  we  are  elucidating  the  relationship  between 
suKstrate-overlayer  epitaxy,  overlayer  elastic  properties,  interfacial  stre.s.ses  and  lilm  quality,  which 
is  applicable  to  the  growth  of  ultrathin  organic  films  which  is  not  only  germane  to  the  properties  of 
conducting  thin  films,  but  also  tho.se  being  explored  for  their  unique  optical  properties  (e.g.; 
photodetectors,  non-linear  optical  materials).  However,  our  electrochemical  approaches  allow  tor 
fine  control  of  the  nucleation  and  growth  rates  and  direct  ob.servation  ot  overlayer  and  nuclei 
formation,  while  enabling  deposition  on  substrates  with  unusual  geometries  (contrary  to  vapor 
deposition  methods).  Our  studies  also  provide  much  needed  insight  into  the  atomic/molecular  level 
events  involved  in  electrodeposition, which  is  needed  if  further  advances  in  the  electrochemical 
fabrication  of  device  structures  are  to  be  made. 
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